The authors present the contemporary state of knowledge concerning alternative materials for dental implantology. First of all, factors influencing osseointegration are stated. The most important factors seem to be the type of implant surface. Among the numerous parameters describing them, the most important are: average roughness and porous density. Some studies proved that materials with comparable surface roughness provide similar osseointegration. In modern implantology titanium is the material still considered as a "gold standard". However, aesthetic features of titanium still bear several disadvantages, especially in the case of periodontium with a thin biotype in the anterior, aesthetic sensitive area of the jaw. If a titanium implant is used in such a case, the mucosa at the implant's neck may become grayish and, consequently limits the success of the overall treatment. That was the reason for seeking alternative materials to manufacture dental implants. Initiated by general medicine, mainly orthopedics, the search led to the discovery of zirconium dioxide used in dental implantology. A small number of complications, good chemical parameters, anticorrosion, mechanical strength, elasticity module close to the one of steel, and especially biocompatibility made zirconium a perfect material for this purpose, although this material presents several problems in achieving optimal roughness. In this overview one of the probable methods, a process of partial synterization, is presented.
Previously used materials in implantology
People have been trying to recreate lost tooth structures for ages. The first attempts to implant teeth were made as early as in ancient Egypt, and the first "implants" had been animal teeth. Usually, they were made of mechanically shaped parts of ivory. On the basis of other, later excavations, it was claimed that similar implantation procedures were used not only by the ancient Egyptians, but were also found in South America and Europe. The Mayans used volcanic glass, shaped like a tooth root, to achieve immediate implantation of a lost tooth. Also animal shells were used as implant material. [1] [2] [3] The first modern xenogenic material used in implantatology was gold. In 1809 the Italian dentist Maggiolo applied immediately after extraction one-part structures whose root shape matched the tooth socket. 4 Materials used in implantatology changed over the decades and in the nineteenth century, apart from gold, other metals and materials started to be used: platinum, iridium, lead, rubber and porcelain. In 1934 the Bulgarian surgeon Hans Abel was the first to use an implant made of ferrous alloy. 4 Three years later Adams was the first to patent two-phase implants, in which, after healing, supra-gingival retaining elements were fixed to the root with the use of a screw. 4 The first implant that looked like modern implants was created by Strock in 1983, which was made of cobalt-molybdenum alloy. 5 Nowadays, the most significant metal used in dental implantology is titanium. It became so popular because of it features: biocompatibility, mechanical strength, ability to osseointegrate and the fact that it is easy to produce. The number of recorded treatments with titanium implants combined with long observation periods of them was also important for approving titanium implants as a standard procedure in implantology. 6 However, the aesthetic features of titanium still bear several disadvantages especially in the case of periodontium with a thin biotype in the anterior, aesthetic sensitive area of the jaw. If a titanium implant is used in such a case, the mucosa in the implant's neck area may become grayish and, consequently, limit the success of the overall treatment. Titanium implants may also require additional surgical procedures concerning soft tissue augmentation, e.g. connective tissue drafting, which aims to widen and thicken calloused gum or bone augmentation due to an age-related bone shift and atrophic and resorptive processes after tooth loss, resultant from a lack of strain, as an important functional stimuli for preservation and remodeling of the alveolar bone. 
Materials alternative to titanium
In order to improve aesthetics, white materials started to be used to produce implants. Due to its good osseointegrative properties, the first ceramic material used in implantology was aluminum oxide. 8, 9 In follow-up examinations after 10 years, the success of those implants was between 87 and 92.5%. 9, 10 Systems based on aluminum oxide were used for immediate implantation in cases of single tooth loss in the jaw, in the area of incisors, canines and premolars, i.e. in the areas where chewing forces a relatively weak. Even though implants were used in the above-mentioned clinical circumstances, there were cases of damage caused by chewing functions, and by reason of inadequate mechanical strength, aluminum-oxide implants were no longer in use. [11] [12] [13] [14] Another alternative material was introduced by general medicine, mainly orthopedics. Since the 1970s, zirconium has been used to reconstruct hip joints.
To this day over 1,000,000 treatments using zirconium to replace hip joints have been performed. A small number of complications, good chemical parameters, anticorrosion, mechanical strength, elasticity module close to the one of steel, and especially biocompatibility made zirconium the perfect material for implantology. 15, 16 Zirconium's biocompatibility was thoroughly examined in relations to all cell lines existing in a potential contact with a dental implant. Research conducted by Dion et al. and Li et al. on fibroblast cell lines and epithelial cells, with the use of human cord blood, did not show any cytotoxicity of zirconium. 17, 18 The mentioned researchers added pure zirconium powder after contact and then performed cell proliferation and differentiation with immunofluorescent methods. Ko et al. conducted detailed research on human osteoblast cell lines, in which they compared the population of human osteosarcoma cells on the surfaces of zirconium and pure titanium. 19 Osteoblast cell lines were incubated on a specially prepared medium, consisting of pure titanium and zirconium. Observations after 6, 24, 48 and 96 h were performed with the use of a scanning electron microscope and then cell proliferation was measured as mRNA concentration function with the use of PCR method. The investigation showed the comparative ability of osteoblasts, cultured in contact with both, pure titanium and zirconium, to proliferate and differentiate towards osteocytes. Osteoblasts adhered even better to zirconium surfaces.
The role of implant surface nanostructure in osseointegration
As far as dental implantology is concerned, the main factor in achieving treatment success is implant osseointegration, i.e. functional incorporation of the implant into the human organism. On microscopic scale, osseointegration appears when there is contact between the implant and the bone (BIC -bone to implant contact).
The main reason why zirconium could not be used as the most common material in dental implantology was the fact of its high resistance to physicochemical processes and that its surface cannot be modified to the same extent as titanium surfaces can. Rather than other parameters, e.g. the implant length, the success of osseointegration strongly depends on the implant surface structure, which may be described by many parameters out of which the main 3 are: a) average roughness (Ra), which is an average measure of values of vertical deviations of a chosen plane from the particular surface points. Mathematically, it is described by the following formula:
where l is a measure of the distance and -function is the value of profile deviations; b) the distance between particular deviations (S) is mathematically:
where S i is a distance between two local peaks and n is the number of distances evaluated on a given distance; c) porous density (PD). 20, 21 Oshid et al., in their studies, could prove that for optimal osseointegration the Ra parameters of the implant surface have their highest and lowest restrictions. If the roughness is too high (Ra below 1 µm) microleakages occur and chemical compounds are released to the external environment. 22, 23 Apart from microleakages, it is stated that excessive roughness of the implant surface represents a mechanical obstacle for culturing the implant surface with cells. Moreover, excessively rough surfaces with too many structural processes of small sizes are surfaces with relatively low integrity. On the other hand, a surface which is too smooth is not an optimal environment to be cultured with osteoblasts. Another problem in this context seems to be the roughness of the transmucosal part of the implant. Due to the fact that the extrinsic fiber cementum on the implant surface is missing, no fiber attachment is possible at the implant neck area, which was why primarily highly polished titanium surfaces were preferred to improve soft tissue attachment in this area, which on the other hand, bears the risk of bone loss and of pronounced epithelial down-growth. 24, 25 In the studies by Matsuzaka et al., it was proved that on a cellular and subcellular level the characteristics of the surface corrugation of the material implanted in the bone tissue influence patterns formed by cells populating this area. 26 On a rough surface (Ra: 1-2 µm) osteoblasts were able to fully fill the surface hollows after 8 days of incubation, whereas during the same observation period on a smoother or rougher surface, cell clusters could only be seen at the hollow edges. At a subcellular level, it was proved that increased amounts of endoplasmic reticulum (RE) causes increased metabolic activity of the cells located in the most internal layers, making the mentioned surface significantly predisposed.
Zinger et al. and Deligianni et al., in their experiments on human osteoblastic sarcoma cell lines, could show that the most preferential diameter of micropores for cell proliferation is 30 µm. 27, 28 With these pore parameters, cells easily adapted to a 3-dimensional medium. Mediums with micropores with diameters of 10 µm were not recognized by the cells, whereas in bigger micropores (100 µm) cells did not find mechanical retention and were rinsed. These authors also proved the influence of medium size pores on cell differentiation after observing osteoblast filopodia creation.
De Oliveira and Nanci used immunohistochemical methods to prove the increased metabolism of osteoblasts that manifests itself in significantly higher secretion of osteopontin (OPN) and bone sialoproteins (BSP) to extracellular matrix. 29 It is worth noting that in the mentioned studies there were no statistically significant differences in the synthesis of other protein matrixes: fibronectin, tubulin and type I collagen. However, increased biosynthesis of BSP and OPN was proved, which was a pioneering proof of selective and precise influence of the type of the medium´s nanostructure on gene expression, metabolism direction and, as a result, potentially bone tissue cells differentiation. The presence of extracellular matrix, typical for bone tissue, is a factor that differentiates mesenchymal cells towards osteoprogenitor cell lines. Both these processes: primary, resulting from the influence of the medium, and secondary, resulting from the composition of the primary matrix, act additionally in the processes of osteogenesis. Mentioned viewpoints are similar to the results of Delignani et al., who proved the importance of the medium surface to start osteogenesis. 28 Biological activity and cell adhesion to the medium surface was measured in these studies by checking the alkaline and fibronectin phosphatases activity. According to them, the factor influencing this is the strength of osteoblasts binding to the surface of dental implants.
Anselme and Bigerelle created their own method of evaluating the strength of osteoblast binding to the surface. 30 After a period of 7, 14, 21 days of incubation, cultured osteoblasts were rinsed with EDTA. The number of cells was counted after 5, 10, 20, 30 and 60 min of centrifuging and measured in a flow cytometer. On the basis of the results, a graph line was created which resembled normal distribution with its maximum around average values (10-30 min). The greater the deviation towards 60 min, i.e. the longer the cells adhered to the medium surface, empirically the stronger was the binding with the medium. The highest results were obtained for the medium of Ra = 0.76 µm and 6.25 µm. 30 On this basis, the term "adhesive power" (AP) was suggested, which is a measure of the deviation from the standard cytometric curve of a normal distribution.
Osseointegration of zirconium implants
The topic of the histological evaluation of zirconium implants is still relatively new. The only studies that may be taken into consideration are those in which implant/ bone contact indicator value (BIC) was evaluated, the studies which included a greater number of implants, conducted according to the standards of statistical analyses and those which included the evaluation of titanium implant control group as well. In the current literature there are only a few studies in accordance with these criteria. [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] First, in a time dependent studies about the osseointegration of n = 156 zirconium implants with a Ra of 0.9 µm the BIC-values (bone-implant contact) reached 86% after 8 weeks of observation. 31 However, so far this has been the only study, in which such high BIC-values of osseointegration of zirconium implants were found. In other studies the BIC-values for the above mentioned implants reached 45 and 65%. 32, 33 In a study of Stanic et al. on 28 zirconium implants with a Ra of 1.26 µm the average BIC-value was 56% after 60 days of observation. 34 These studies provide unstable results, where the difference between the highest and the lowest BIC-value was about 32%. Scerano et al. as well showed in a rat model that direct bone to zirconium implant contact exists. 35 In 4-week observations on 20 implants they stated that the BIC-value was 68%. With the same assumptions, Aldini et al. evaluated a BIC of 55% (± 27%) after an observation period of 60 days. 36 Whereas in the last 2 mentioned studies the surface nanostructure features were not taken into consideration, studies of Senerby et al. show quite precise analysis of the relation between the degree of roughness of zirconium implants and the results of osseointegration. 37 In their study, zirconium implants were divided into 3 groups: the first group included implants with a surface roughness of 0.75 µm, in the second group the surface roughness was 1.24 µm, and in the third 0.93 µm. The research was conducted in a rabbit model where implants were placed in the bone of the tibia and femur. Resultant BIC-values differed depending on the place of implantation. For implants placed in the bone of the femur more referential results were obtained: 46% for the first group, 60% for the second and 70% for the third group, whereas BIC-values for implants placed in the bone of the tibia were much lower: 19, 31 and 22%, respectively. It may be considered that the most preferential degree of roughness of dental implants made out of zirconium is slightly different from the one of titanium implants.
There are also studies showing much worse osseointegrative features of zirconium implants. In Deprich's study on 48 zirconium implants (Ra = 0.598 µm) placed in the tibia of 12 minipigs, the BIC-value reached 18% after 3 months of observation. 38 Moreover, it is difficult to discuss the osseointegration of zirconium implants, because not only is the number of studies on this topic small, but they also differ in methodology and consequently in results. For example, osseointegration was evaluated on the basis of observations that included a time span of 2 weeks up to 24 months. Implants were also evaluated on the basis of different animal models and placed in different anatomical structures. Another matter was implant loading. In most studies implants were not loaded, but there are also a few studies in which they had been loaded. Surprising results were obtained while studying the osseointegration of ceramic implants. Measured BIC-values varied from 2 to 86.8%. 31, 32 Additionally, not all studies include the evaluation of titanium implants as a control group, which makes it difficult to draw conclusions. Titanium implants, as a reference, were used only in studies conducted by Dubruille et al. and Kohal et al. 33, 39 Based on these studies, it can be concluded that with the osseointegration of zirconium implants the bone tissue behaves the same way without any worse features in comparison to conventionally used titanium implants. Currently, there are only 5 studies comparing the osseointegration of ceramic and titanium implants after loading histologically. [37] [38] [39] [40] The first research with such defined methodology was conducted on a monkey model by Kohal et al. 39 The investigation period was about 9 months and the implants were loaded after 5 months. In this study, it was proved that osseointegration of ceramic and titanium implants is comparable with an equal BIC of 68% for ceramic implants.
In other studies, negative behavior of bone tissue in the presence of zirconium implants after loading was observed. 40 In these cases, immediately loaded zirconium implants (one-phase loading) were used, along with unloaded ones (two-phase loading). Despite generally good BIC-values (around 70% in all studies), after loading, alveolar marginal bone loss could be detected. Hence, with ceramic implants a 2-phase implantation method seems to be preferable.
In a study by Sennerby et al. that followed these strict criteria, osseointegration of titanium implants and 3 groups of zirconium implants with different types of surface modification were compared. 37 Osseointegration was evaluated histomorphometrically as well as with the help of SEM imaging and biochemical tests. Referring to these studies, it may be concluded that in the case of zirconium and titanium implants with the same or comparable roughness, the obtained osseointegration is comparably good. In the case of zirconium implants, the method of modifying the surface to obtain such characteristics is a challenge. Methods known for titanium implant surface modification (e.g. acid-etching and sand-blasting) are not successful in the case of zirconium implants, because of the physicochemical parameters of that material.
It seems that it is worth seeking methods to modify zirconium implants surfaces in such a way that they would have features and characteristics of ceramic material surfaces. One of the probable methods is a process of partial synterization, in which the implant is covered with a mixture of two powders: binding and structural. Both powders bind to the implant surface, but only the structural one does so in a durable way. Binding powder is supposed to only block potential binding places for structural powder, stochastically. After that, it is removed, whereas remaining structural powder that is bound to the surface creates processes making the surface rougher. Such modified zirconium implants are being thoroughly studied in cell and animal models.
